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Introduction
This research compares the environmental impact of two different methods for producing high quality titanium components. The traditional method involves forging billets and then finishes machining them to the final desired shape. The extremely high cost of dies and forging equipment necessitates that production of forged components take place at a very small number of locations. Components are then transported potentially long distances to the end user. This is referred to as "centralized manufacturing". A newer alternative involves the use of near net shape metal additive manufacturing processes such as Electron Beam Melting. These processes eliminate the need for forging dies and require very little finish machining. Due to the fact that expensive forging dies aren't needed, these components can be fabricated at any location in which a metal additive machine is available. This approach to production is therefore referred to as "distributed manufacturing" since it can take place much closer to the end user.
To date, there has not been a systematic study of the differences in environmental impact between these two very different approaches. The aim of this research is therefore to study inputs and outputs associated with these methods in terms of their environmental impact. In order to study the overall environmental impact, it is necessary to consider far more than just energy consumption.
Environmental Impact Models
The work presented herein shows two methods for production of titanium parts. One involves centralized manufacturing via forging, and the other involves distributed manufacturing via electron beam melting (EBM). SimaPro 7.2 software was used to model these two production methods and the resulting environmental impacts. Full details of the work can be found in Senyana [1] .
Modeling of the Forging Process. The process of producing a forged part includes creation of the steel dies, production of metal ingot, the actual forging process, finish machining, and transportation at each stage. A SimaPro model for production of forged titanium parts was patterned after the existing model for aluminum forging. The primary differences lie in the amount of energy needed to produce titanium billets and the amount of energy needed to forge titanium. For instance, Ashby [2] estimates that the energy needed to forge Ti-6Al-4V alloy is between 4.71 and 5.7 MJ/kg, hence this range of energy values was used in the model.
In order to use the titanium forging model, users specify the number of parts produced, the transportation distances at each step, the amount of finish machining needed, and the part size. As the study was focused on small volume production, the number of parts produced ranged from 1 to 100. The transportation distances were varied from 1 km to 1000 km. Forged aerospace parts typically undergo a considerable amount of finish machining, hence the ratio of titanium purchased to titanium in the finish parts (e.g. the "buy-to-fly ratio") was taken to vary from 12:1 to as high as 20:1 [3] . Part sizes were varied from 1 kg to 46 kg. Much larger parts can be forged, but the aim of this study was to compare parts that could be produced by either forging or Electron Beam Melting.
Modeling of the EBM Process. The EBM process is able to produce titanium parts without the use of dies. It is also a near net shape process requiring little finish machining. The part production sequence is therefore quite different from that of forging. The process model in SimaPro includes production of titanium powder feedstock, production of a near net shape part via the EBM process, a small amount of finish machining, and a short transportation distance that assumes the process takes place as needed close to the point of use. For titanium powder production, helium/metal gas flow ratios ranging from 0.7-2.15 were used [1] . The values were adjusted from helium/aluminum metal gas flow ratio of 1.26-3.65 [4] . The energy needed to melt titanium in the atomization process was estimated to be 1.45 MJ/kg for small part (1kg) and 66.6MJ for a large part (46kg) [1] . The energy consumed during the EBM process was taken to be 0.017 kWh/g of titanium from Baumers et al. [5] .
In order to use the titanium EBM model, users specify the number of parts produced, the transportation distances at each step, the amount of finish machining needed, and the part size. As was the case for forging, the number of parts produced ranged from 1 to 100. The transportation distance was taken as 1 km in order to capture the intent that production is distributed close to the point of use. Although finish machining of forged parts and EBM parts is comparable in terms of impact per kg of material removed, the EBM parts require far less finish machining. From personal experience, it is known that approximately 1mm of finish machining allowance is typically used for EBM produced parts. A buy-to-fly ratio of 1.03:1 was used for EBM part finish machining. Part sizes were varied from 1 kg to 46 kg, with 46 kg representing an approximate upper limit on titanium part size that can be produced via this process at the time of writing.
Results and Discussion
In order to assess the relative effects of the different factors on environmental impact, eight SimaPro simulations were run for both small parts (1kg) and large parts (46kg) using both the centralized (forging) and distributed (EBM) models. The eight simulation runs are the result of having two levels (low and high) for each of the three factors: buy-to-fly ratio, production quantity, and transportation distance (i.e. 2 3 =8). For each simulation run, the number of Eco-Points was used as the environment impact measure of interest.
Centralized Manufacturing Results. For the centralized model, the number of Eco-Points generated per 1 kg (small) forged part is at a minimum value of 225 when the transportation distance is low (1 km) and the buy-to-fly ratio is at its minimum of 12:1. The number of Eco-Points per large 46 kg part jumps to 11,736 under the same conditions. The maximum Eco-Points per small and large parts were 451 and 20,691 respectively when the transportation distance and buy-to-fly ratios were at their maximum values.
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For each scenario examined, a plot showing the relative contribution of Eco-Points from each source was produced. Fig. 1(a) shows a representative plot for the case of 1 small part having a buy-to-fly ratio of 20:1. For this case, the contribution of the steel die dominates all other contributors due to the fact that 100% of the die Eco-Points are attributed to a single part. Fig. 1(b) shows the cast for 100 large parts having a buy-to-fly ratio of 12:1. The contribution of Eco-Points associated with die production is relatively small in this case due to the fact that the points are spread over 100 parts. The Eco-Points associated with billet production and finish machining account for the majority of the Eco-Points in this scenario. In recognition of the fact that the impact of tooling is amplified when the number of parts produced is small, the number of Eco-Points per part was calculated for production quantities from 1 to 1000 parts. Table 1 shows a substantial drop in Eco-Points between 1 part and 10 parts, which indicates that tooling is the primary contributor of Eco-Points for very small production quantities. Distributed Manufacturing Results. For the distributed model, the number of Eco-Points generated per part at the extreme values for atomization energy and gas/metal flow ratio ranged from a low of 2.72 to a high of 3.25 for small 1 kg parts. For large parts, the number of Eco-Points generated at the extreme values for atomization energy and gas/metal flow ratio ranged from a low of 125 to a high of 149. The relative small differences in values suggests that the model is not particularly sensitive to the value of atomization energy or gas/metal flow ratio provided the values are selected within reasonable ranges. Fig. 2 shows the distribution of Eco-Points as a function of contributing factor for a large part produced via the EBM process. Interestingly enough, it can be seen that the gas atomization process is the major contributor to the environmental impact for these parts. Having said that, the total number of Eco-Points is far below any of the centralized manufacturing scenarios.
Fig. 2: Distributed Manufacturing Eco-Point Distribution
Discussion. The difference between centralized manufacturing and distributed manufacturing can be summarized by showing curves comparing total Eco-Points as a function of the number and size of parts produced. Fig. 3(a) shows the number of Eco-Points per part for small parts, and Fig. 3(b) shows the number of Eco-Points per part for large parts. The red and blue curves show minimum and maximum Eco-Points per part achieved under the centralized manufacturing scenario. The green curve shows Eco-Points per part for distributed manufacturing. Both small and large part results show that there is a sudden drop of the number of Eco-Points per part under the centralized manufacturing model because the number of Eco-Points generated by production of the dies is distributed over the number of parts produced. However, the graphs for centralized manufacturing at 100 and 1000 levels out because the tooling cost per part becomes small as the number of parts grows beyond 100. At large production quantities, the contribution of die production to the Eco-Points per part is negligible and the Eco-Point per part is almost entirely contributed by forging, finish machining, and transportation. It is interesting to note that the centralized manufacturing curves do not intersect with the distributed manufacturing curve. The distributed manufacturing curve is constant because there are no fixed tooling costs. The conclusion is that regardless of part size, the number of Eco-Points per part generated under the centralized manufacturing scenario is always greater than the Eco-Points per part generated under the distributed manufacturing scenario.
Summary and Conclusions
The objective of this study was to compare the environmental impact of a traditional manufacturing approach with a new distributed manufacturing approach for titanium part production. Specific objectives were to: (1) Conduct an environmental impact assessment for fabrication of a titanium part via forging. The forging model includes production of forging dies, production of raw ingot, conventional forging, finish machining, and transportation over relatively large distances that are typical of a centralized manufacturing model. (2) Conduct an environmental impact assessment for fabrication of a titanium part via Electron Beam Melting. The EBM model includes production of titanium powder, energy consumed in the EBM process, light finish machining, and transportation of a very short distance that would be typical of a distributed manufacturing model. (3) Vary inputs to the models in order to evaluate the two models under differing conditions involving part size, buy-to-fly ratio, production quantities, and transportation distances.
The study indicates that the environmental impacts associated with centralized manufacturing change considerably depending on the number of parts produced. At small quantities of parts, the contribution of the die dominates the overall total. At larger production quantities, titanium billet production and finish machining dominate the overall total. For distributed manufacturing, production of titanium powder dominates the environmental impact. It is worth noting that transportation played a relatively small role in the overall environmental impact regardless of which scenario was studied.
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It is important to point out that this study focused on environmental impacts associated with the production of relative small parts (46 kg max) and very small production quantities (100 parts max). At the present time, additive manufacturing processes are limited by part size and throughput considerations. It is also important to keep in mind that this study does not factor in the monetary cost of producing the parts under each scenario. It is strictly limited to environmental impact. 
